In recent years, a minimally invasive medical needle is required. The development of such a fine needle requires evaluation of puncture resistance force. We have developed various microneedles and conducted the puncture experiments to evaluate their resistance force against an artificial skin made of silicone rubber. In this study, it is attempted to reproduce the puncture experiment by FEM simulation, in which accurate three dimensional (3D) models of needle and skin are constructed, and the conditions of material properties, model size, puncture distance, puncture speed, etc. are set to the same ones as the experiments. As a commercially available nonlinear FEM software, LS-DYNA was employed. The results of FEM analysis and those of experiment were compared to estimate what extent they are matched. As a result, the tendency of the load curve, i.e., transition of resistance force with respect to puncturing distance, and the state of skin deformation were well matched, showing the possibility of FEM analysis to reproduce the experiment. The error of resistance force between analysis and experiment was 20% at most. It is expected that the parameter study would be possible, in which the performance of needle is evaluated by changing the parameters, e.g., its size, shape, how to insert it to the skin, etc.
Introduction
To meet the demand of reducing physiological and psychological burden on patients, the development of minimally invasive medical devices is desired, of which sizes are minimized compared to present ones. Diabetic patients need to collect a small amount of blood to examine the blood glucose level. For this purpose, they have to bleed blood by puncturing the skin using a lancet needle, i.e., solid needle several times a day. Since the diameter of presently used needle is comparatively thick as from 300 to 650 μm, it gives pain and fear to the patient when puncturing it. On the other hand, humans do not feel pain even when bitten by mosquitoes. The authors have paid attention to the blood sucking mechanism of mosquito and observed the puncturing motion of mosquito's proboscis using a high-speed camera system equipped with a magnified lens having long working distance (Aoyagi et al., 2008; Izumi and Aoyagi, 2007; Aoyagi, 2013; Kitada et al., 2017) . As a result, the followings were turned out: the proboscis of mosquito is composed of seven parts (Ikeshoji, 1993; Clement, 2000) . One of them, the labrum is a hollow blood sucking needle with a diameter of about 50 μm. On both sides of labrum, there are two maxillae with jagged projections at their tip. The tips of these needles are sharp and small in size, making it easier to avoid pain spots that are distributed at approximately 1 mm intervals on the skin (Iwamura, 2010; Aoyagi, 2016) . It was also found that the puncture resistance force is effectively reduced by employing the motion that these three needles are gradually inserted into the skin alternately back and forth with a temporal phase difference to each other (Aoyagi, 2013) . Based on these observations, the authors have fabricated Shunki YAMAMOTO*, Tomokazu TAKAHASHI*, Masato SUZUKI*, Seiji AOYAGI*, Toshio NAGASHIMA**, Atsushi KUNUGI***, Makoto CHIYONOBU*** and Takeshi KUROIWA*** microneedles by mimicking the structure and the size of mosquito's proboscis, and using various materials such as polylactic acid (PLA) (Aoyagi et al., 2008) , single crystal Si (Izumi and Aoyagi, 2007) , nickel (Huang et al., 2011) , tungsten (Tanaka et al., 2013) , stainless steel (Hara et al., 2016a (Hara et al., , 2016b , and the like. Recently, microneedles made of acrylic photo-curable polymer, which accurately mimic the shapes of mosquito labrum and two maxillae, were fabricated by three-dimensional laser lithography (Nanoscribe GmbH official site; Suzuki et al., 2015a Suzuki et al., , 2015b .
As the puncture resistance force becomes smaller, the stress propagated to the pain spots would be more reduced, possibly leading to the achievement of painless needle insertion. Therefore, it is important to evaluate the puncture resistance force during microneedle insertion in the course of research and development. Before evaluating the pain by animal experiments (Kitada et al., 2017) and following human clinical trials, we hereby evaluate the puncture resistance force as a preliminary step. The authors have already constructed an experimental system using an artificial skin made of silicone rubber, and studied how the puncture resistance force changes depending on the shape of microneedle and the puncturing motion of it (Aoyagi et al., 2008; Izumi and Aoyagi, 2007; Huang et al., 2011; Tanaka et al., 2013; Hara et al., 2016a Hara et al., , 2016b ; Nanoscribe GmbH official site; Suzuki et al., 2015a Suzuki et al., , 2015b . As a problem here, in the process of changing the needle size and shape based on experimental results again and again repeatedly, fabricating microneedles is necessary at each time, which requires MEMS (micro-electro-mechanical systems) process and/or 3D microfabrication process, taking much fabrication cost and time. If a virtual puncture experiment could be performed on a computer simulation, these parameter studies are easily performed.
The authors have conducted a FEM simulation on the microneedle puncture, which mimics the shape of mosquito proboscis, e.g., three needles with serrated projections, and the puncturing motion, e.g., the central and the outer needles are advanced alternatively, while the total three needles are gradually moved forward (Urushibata et al., 2012; . In the simulation, LS-DYNA® (Livermore Software Technology Corporation, LS-DYNA official site) have been used as a commercially available software, that can solve nonlinear problems using explicit method. The ALE (Arbitrary Lagrangian and Eulerian) method of dealing with large deformation problem have been used (Donea et al., 2004; Yamaguchi et al., 2014) , where the needle defined as a rigid body was inserted into the skin defined as an elastic body. The force applied to needle during the insertion was evaluated as the puncture resistance force. However, it was limited to qualitative analysis using a 2.5-dimensional axisymmetric model (Urushibata et al., 2012) . After that, we advanced this method so that it can deal with 3D model, making it clear that the puncture resistance is reduced by alternately vibrating three needles, comparing with only advancing all of them with same phase (Yamaguchi et al., 2014; Urushibata et al., 2015) . However, there were still problems as follows: the first one is that the puncturing distance was short, i.e., 60 μm at the maximum, making impossible to simulate the experiment, in which the needle was punctured into an artificial skin by approximately 1 mm in depth. The second one is that there was a discrepancy in puncture resistance between the simulated value and experimental one.
In response to the circumstances as described above, in this paper, FEM analysis was performed using a 3D model of accurately reproducing the needle puncture experiment, i.e., model size, puncturing distance, time scale, etc. are the same as the experiment. The degree of coincidence between simulation result and experimental one was quantitatively evaluated in the simple case of puncturing a cylindrical needle or a sharpened one into the skin at a constant speed.
Method of analysis and experiment 2.1 Model of puncture target and analysis method
The overall view of the model used for FEM analysis and the shape near the tip of needle are shown in Fig. 1 . The model of puncture target was 10, 5, and 3 mm in width, depth, and height, respectively, which is according to the actual size of artificial skin being used in the puncture experiment. An air layer of 0.25 mm in height was provided on the upper part of puncture target. Although the air layer does not effect on analysis results directly, the deformation where the puncture target rises upward cannot be considered without this layer as far as using ALE method. The puncture target consists of about 350,000 elements. As the needle model, a cylindrical one and a sharpened one of which tip angle is 15° were assumed, the diameter of them are assumed as 50 or 100 μm, as shown in Fig. 1 (b) . The needle was defined as a rigid body. The puncture target was defined as a viscoelastic body, the physical properties of which are defined referring to those of silicone rubber used in the puncture experiment (details will be described in the next section).
The puncture target used for this analysis is assumed to be human skin in the future. The human skin, however, presents a multilayered structure composed of stratum corneum, epidermis, dermis, and subcutaneous tissue with Yamamoto, Takahashi, Suzuki, Aoyagi, Nagashima, Kunugi, Chiyonobu and Kuroiwa, Journal of Biomechanical Science and Engineering, Vol.14, No.4 (2019) [DOI: 10.1299/jbse.19-00238] different physical properties, making it difficult to create a material model of completely simulating it. For this reason, as a preliminary step, PDMS (Polydimethylsiloxane, a kind of silicone rubber) was assumed as a puncture target, which is a material of artificial skin used in the experiments in this paper. PDMS was treated as a viscoelastic model in the FEM analysis, i.e., MAT_076 (MAT_GENERAL_VISCOELASTIC, viscoelastic body based on the generalized Maxwell model) (Roylance, MIT web site) was applied in the material card of LS-DYNA. The dynamic viscoelasticity measurement (Franck, TA Instruments web site) was requested to Mechanical Design Co., Ltd., and the parameters of MAT_076 were determined based on the measured values. In this study, the moving needle inserted to the skin is dealt with, of which speed is set to 1 mm/s referring to the mosquito. The speed affects the resistance force in case that the puncture target is viscoelastic material such as human skin (Nishio et al., 2016) . Considering this, the puncture target is dealt as viscoelastic. If it is dealt as elastic material, the resistance force due to viscosity cannot be taken account of. In this case, we confirmed that the FEM analysis of needle puncturing to the skin was liable to be unstable, i.e., the simulation often stopped by the error that the element collapses to a negative volume, which is may be caused by the lack of repulsive viscous force against the needle speed.
In this study, the puncture resistance force was analyzed when puncturing the needle into puncture target using the above mentioned FEM model. The puncture distance and puncture speed were set to 1 mm and 1 mm/s, respectively (same conditions as the experiment described in the next section). Displacement of the bottom surface (xy plane) of puncture target model was completely constrained. Forced displacement in the height direction (z axis direction) was given to the needle. The friction coefficient between the needle and the puncture target was set to 1, referring to that the friction coefficient of rubber against hard materials such as metal, concrete, etc. is reported as approximately from 0.6 to 1.0 (Engineers Edge web site). We confirmed that this coefficient has influence on the resistance force in FEM results not so much, e.g., the force increased only by 15 % even the coefficient was set to doubled value of 2. Puncture resistance was calculated by integrating the load in the puncture direction applied to all elements of the skin model (using "nodfor" which is the output function of LS-DYNA). As mentioned in Chapter 1, LS-DYNA was used for analysis and ALE method was used as analysis method.
Puncture experiment and its condition
The experimental setup is shown in Fig. 2 . The PDMS artificial skin was punctured by moving the needle in forward , Vol.14, No.4 (2019) and back directions using a linear slider. The mixing ratio of PDMS pre-polymer and curing agent is 30:1, and it was cured by heating at 90 ℃ for 24 hours. The dimensions of the test piece are equivalent to the analysis model (10 mm × 5 mm × 3 mm). The force applied to skin, i.e., puncture resistance force, was measured using a load cell (TGRV02-2NB, Tec Gihan Co., Ltd., rated load: 204 gf, resolution: 0.01 gf), which can sufficiently detect the minute load in the following puncture experiment. The shape and diameter of needle, puncture distance, and puncture speed are the same as the conditions in FEM analysis described in the previous section. Tungsten was used as the material of needle, considering its sufficient hardness to regard it as rigid body in FEM simulation. The density, Young's modulus, and Poisson's ratio of tungsten are 19,300 kg/m 3 , 411 GPa, and 0.28, respectively. The tip of the tungsten wire was cut (sharpened) by laser processing using a femtosecond laser beam (Hara et al., 2016a (Hara et al., , 2016b . Adding to say, tungsten is biologically inert to the living body; for example, it is used as a sharpen tool for dissecting the body, etc. (Brady, 1965; Tanaka et al., 2013) .
Results of FEM analysis and experiment 3.1 Comparison between analysis and experiment in tensile test (confirmation of material properties)
A tensile test using PDMS was experimentally conducted to obtain the relationship between stress and strain, which was calculated from the measured load and displacement. The experimental set up for tensile test is shown in Fig. 3 . The test was conducted four times. In LS-DYNA, on the other hand, analysis of this tensile test was carried out using material parameters based on the viscoelasticity measurement results described above. The fracture or yield stress was not considered. At this time, the fracture phenomenon is approximately expressed by large deformation of ALE analysis. Taking the fracture into account in ALE analysis is future work. For reference, the analysis was also conducted by defining the material as elastic one.
The results are shown in Fig. 4 . By comparing the FEM analyzed result and the experimental one in this figure, it is confirmed that the material parameters used in LS-DYNA were able to reproduce actual material properties within the error of approximately 10% both in regarding the material as viscoelastic and elastic. Young's modulus obtained from this result is approximately 0.4 MPa. In this tensile test, the FEM processing works well even in case of elastic material; however, in needle puncture analysis, it is liable to be unstable as abovementioned. Therefore, the material is dealt with as viscoelastic one in the following of this article.
Comparison between analysis and experiment when puncturing cylindrical needle with a diameter of 100 μm
FEM analysis results and experimental ones were compared in case that a cylindrical needle with diameter of 100 μm was punctured. Figure 5 shows the FEM analyzed von Mises' stress distribution on cross section of puncture target when punctured by 1,000 μm in depth. Yamamoto, Takahashi, Suzuki, Aoyagi, Nagashima, Kunugi, Chiyonobu and Kuroiwa, Journal of Biomechanical Science and Engineering, Vol.14, No.4 (2019) Figure 6 shows the state of target deformation in the experiment. Figure 7 shows that in the FEM analysis of corresponding to Fig. 6 . These are the data at 350 and 1,000 μm in puncture distance, respectively. The latter is the maximum distance. Comparing these figures, the experimental concaved shape of target can be reproduced well by the FEM analysis. Figure 8 shows the comparison between FEM analysis value and experimental one of puncture resistance force. The estimation how the FEM analysis reproduces the actual phenomenon can be conducted by using the resistance force or the volume amount of deformation as the index. Considering that the calculation of volume is difficult and time consuming in the analysis, the resistance force was adopted in this article.
Looking at Figs. 6 and 7, it can be confirmed that the puncture target is greatly deformed when the needle is punctured in both analysis and experiment. Looking at Fig. 8 , the magnitude and the waveform tendency in puncture resistance force approximately match between FEM analysis and experiment. After the inflection point when the puncture distance is 800 μm, the resistance force increases again in the experiment, whereas it decreases in the analysis result. Despite of this difference, the error of puncture resistance in the other parts remains from 5% to 10%. 
Influence of needle diameter and shape on puncture resistance
In both of analysis and experiment, it was examined how the target deformation and the puncture resistance are influenced by needle diameter, e.g., 50 or 100 μm, and needle shape, e.g., cylindrical or sharpened. By comparing FEM analysis result with experimental one, it was investigated whether the experimental result can be reproduced by FEM analysis .  Figures 9 (a) and (b) show the FEM analysis results of deformation and stress distribution of target when cylindrical needle and sharpened one with diameter of 50 μm are punctured. Figures 9 (c) and (d) show those in case of diameter of 100 μm. The insertion depth in Fig. 9 is 1 mm for all cases. Comparison results of puncture resistance force between the FEM analysis and the experiment under these conditions are shown in Figs. 10 and 11. Figure 10 is comparison of puncture resistance focused on the needle tip shape, and Fig. 11 is that focused on the needle diameter. Yamamoto, Takahashi, Suzuki, Aoyagi, Nagashima, Kunugi, Chiyonobu and Kuroiwa, Journal of Biomechanical Science and Engineering, Vol.14, No.4 (2019) [DOI: 10.1299/jbse.19-00238]
Effect of needle shape
As shown in Fig. 10 (a) , when a needle with diameter of 50 μm is punctured, the puncture resistances in analysis and experiment are almost the same, and the error between them is about 5% at the maximum. In both of analysis and experiment, the puncture resistance in case of using the sharpened needle is slightly smaller, e.g., 2 or 3%, than that of using the cylindrical needle.
As shown in Fig. 10 (b) , in the case of diameter of 100 μm, the resistance force in case of sharp needle is smaller than that of cylindrical one, as same as the case of 50 μm. The degree of reduction is approximately 10%, which is larger than the case of diameter of 50 μm. The effect of reducing the puncture resistance due to the tip shape is larger in thick needle compared to that in thin one.
As shown in Fig. 10 (b) , when a cylindrical needle with diameter of 100 μm is punctured, the puncture resistances in analysis and the experiment are matched well until the inflection point of curve at about 800 μm. However, after this point, the trend of analysis and experimental curves differ from each other. At the inflection point, the needle breaks through the puncture target, e.g., the state of target changes from concavely deformed to really penetrated. This situation is shown in Fig. 12 . The deformation of target increases until the inflection point, and after that, it is alleviated because the target is perforated by the needle. 
Effect of needle diameter
As shown in Figs. 11 (a) and (b), the resistance force in case with diameter of 50 μm is smaller than that of 100 μm, regardless of cylindrical or sharp shape. As shown in Fig. 11 (a) , in case of the cylindrical needle, the resistance force is much reduced when the diameter decreases both in FEM analysis and experiment. On the other hand, as shown in Fig.  11 (b) , it is not reduced so much, especially in FEM analysis, which is affected by that FEM analyzed value is smaller than experimental one in case of diameter of 100 μm. The reason why the resistance force is underestimated in FEM analysis compared to the experiment is not clear at the present.
Relationship between puncture resistance and deformation
As shown in Figs. 11 (a) and (b), immediately after starting the puncture (up to the puncture distance of 200 μm), there is almost no difference in puncture resistance due to the diameter of needle, in both experiment and analysis. This part is the stage where elastic deformation is occurring due to that the needle pushes the target before breaking through it. A schematic diagram of the relationship between needle diameter and deformation amount is shown in Fig. 13 . In the analysis and experiment in this article, the difference in needle diameter is smaller than the concaved deformation amount of puncture target. Therefore, it is assumed that the point load is applied to the puncture target. Namely, it is considered that there is no influence of the needle diameter on deformation amount in the initial stage of puncture, i.e., elastic deformation stage before the needle breaks through the skin. It is reported that the load occurring within the range of elastic deformation can be evaluated by the amount of deformation volume (Inayama, 1993) . According to it, it is reasonable that there is no difference of puncture resistance depending on diameter at the initial stage of puncture.
On the other hand, the different tendency is seen at the stage after the needle pierces through the puncture target, i.e., after the occurrence of plastic deformation in the target. In this stage, when puncturing a needle with diameter of 100 μm, the puncture target is greatly deformed and stress is widely distributed as compared with the case of 50 μm, as already shown in Fig. 9 .
Conclusion
Aiming at parameter study in computer simulation for designing microneedles, FEM analysis on puncturing a needle into the silicone rubber as artificial skin was conducted. LS-DYNA was used as analysis solver, and ALE method was adopted as analysis method. The obtained results are as follows:
(1) It was possible that the analysis reproduces the experimental puncture resistance force and the skin deformation.
(2) The error of puncture resistance between analysis and experiment was less than 20%.
(a) Before penetration Concaved deformation is the same irrespective of needle diameter. As the needle is thick, the deformation is larger. (3) Analysis and experiment were carried out by changing the diameter and the shape of needle. As a result, the resistance force when puncturing a needle with diameter of 50 μm was smaller compared to that of 100 μm. The resistance force when puncturing a sharp needle was smaller compared to that puncturing a cylindrical one.
